INTRODUCTION
============

Pediatric high-grade gliomas are clinically and biologically distinct from adult gliomas. Historically, pediatric high-grade glioma was considered similar to secondary glioblastoma multiforme (GBM), an adult high-grade brain tumor that evolves from a less malignant precursor due to an accumulation of gene alterations ([@R1]). However, pediatric gliomas do not necessarily conform to this model, and recent advanced genomic analyses have defined unique epigenetic and genetic alterations that distinguish gliomagenesis in children and adults ([@R2]).

Pediatric high-grade gliomas located in the brainstem represent approximately 10% of all pediatric central nervous system (CNS) tumors ([@R3]), and 80% are restricted to the ventral pons. These tumors, known as diffuse intrinsic pontine gliomas (DIPGs), primarily affect very young children with peak incidence at 6 years of age and have the highest mortality of all childhood solid tumors. The median survival for a child with DIPG is only 9 months, and virtually all patients die within 2 years of diagnosis ([@R3]).

The clinical management of children with DIPG remains one of the most formidable challenges in pediatric neuro-oncology. Given its location, surgical resection of tumor is not an option, whereas systemic and local administration of chemotherapeutics, which are effective for adult and other pediatric gliomas, have proven ineffective for DIPG. To date, more than 250 clinical trials of standard and novel chemotherapeutics, administered using a variety of regimens, have been conducted, but none has demonstrated any improvement in patient survival ([@R4]). Currently, conventional therapy for DIPG is fractionated focal radiation therapy to a total dose of 54 to 60 Gy over a 6-week period. This provides a "honeymoon period" of temporary symptom relief and a delay in tumor progression in about 70 to 80% of patients. No further clinical benefit has been achieved using alternative radiation strategies or from combination therapies with radiation sensitizers ([@R5], [@R6]). Unfortunately, no effective salvage therapy is available at the time of tumor progression, though reirradiation may provide transient symptom improvement in some patients ([@R7]). The poor clinical response to therapeutic approaches that are more effective against other pediatric and adult gliomas suggests that DIPG is a biologically and molecularly distinct malignancy.

Historically, diagnosis of DIPG has been made based on magnetic resonance imaging; surgical biopsy to obtain tissue for histological verification was rarely performed ([@R8]). The resulting lack of readily available DIPG tissue samples for molecular analysis hindered the investigation of its tumor and molecular biology, limiting progress in treatment outcomes for DIPG patients, relative to that achieved for other pediatric and adult brain tumors ([@R9]). However, advances in neurosurgical and molecular analytical techniques have enabled recent genomic analyses of DIPG tissue samples. Associated studies have revealed distinct genetic alterations in DIPG, including Lys27Met (K27M) missense mutation in genes encoding histone H3 isoforms that occur in up to 80% of DIPGs. Histone H3 mutations have also been reported in pediatric high-grade glioma outside the brainstem, but are rarely detected in adult malignant gliomas, and H3 mutations therefore represent an important distinguishing characteristic for pediatric versus adult high-grade glioma ([@R10]--[@R12]). In DIPG, histone H3 mutation is associated with a clinically and biologically distinct subgroup of patients with a more aggressive clinical course, and poorer overall response to therapy ([@R10]).

Mutations in histone H3 in pediatric high-grade glioma can be placed in a growing category of epigenetic gene alterations whose primary effect is to alter gene transcription. Epigenetic regulation controls gene expression without affecting the sequence of the genetic code and is mediated by selective and reversible modifications of DNA and histone proteins that control the conformational transition between transcriptionally active and inactive chromatin states ([@R13]). These modifications are affected by enzymes, many of which have been revealed as cancer-associated mutation targets, with mutations invariably resulting in altered regulation of gene transcription. Epigenetic events such as methylation, acetylation, and phosphorylation can be therapeutically targeted, which indicates that pharmacologic inhibition of histone modifiers has intriguing potential as an approach for more effective treatment of cancer.

Molecular characterization of pediatric high-grade glioma
---------------------------------------------------------

Advances in stereotactic neurosurgery are a major factor contributing to increased access to previously scarce DIPG tissue. In the last decade, several neurosurgical groups have demonstrated the relative safety and diagnostic utility of image-guided, stereotactic biopsy of brainstem and midline gliomas that, traditionally, had been avoided due to concern over procedure-associated morbidity. In the largest published series, Roujeau and colleagues reported no surgery-related deaths and low, transient morbidity in less than 4% of patients after performing more than 200 brainstem biopsies ([@R14]). Tissue specimens obtained via stereotactic biopsy are reliable for accurate histological and molecular analysis ([@R15], [@R16]), including comprehensive genome sequencing ([@R17], [@R18]), and yield viable, sustainable tumor cells in culture and in xenograft models.

Given the relative safety of stereotactic biopsy and high-quality genomic data from small tumor samples, multiple groups have begun to practice, and advocate for, routine stereotactic biopsy of DIPG. In 2013, experts in pediatric neuro-oncology and neurosurgery issued a consensus statement recommending upfront biopsy of DIPG for genomic analysis and patient stratification for molecularly targeted treatments, before using radiotherapy, in an effort to minimize confounding findings resulting from radiation-induced mutations ([@R19]). Presently, there are two ongoing clinical trials for patients with newly diagnosed DIPG who undergo biopsy for molecular characterization, with 24 participating institutions across the United States and Europe. One trial ([www.clinicaltrials.gov](http://www.clinicaltrials.gov), NCT02233049) stratifies patients by EGFR (epidermal growth factor receptor) and PTEN (phosphatase and tensin homolog) expression, and the other (NCT01182350) uses MGMT (*O*^6^-methylguanine-DNA methyltransferase) promoter methylation status and EGFR expression analysis as biomarkers to determine treatment. Although conceptually advanced in using molecular characterization of biopsy specimens to influence treatment decisions, it is nonetheless evident that the molecular characterizations for these studies are still based primarily on genetic lesions that commonly occur in adult gliomas.

Histone gene mutations and chromatin machinery
----------------------------------------------

Histones are the major protein component of eukaryotic chromatin and are deposited during DNA synthesis. Histones H2A, H2B, H3, and H4 combine as an octamer to compose the nucleosome core, and associate with DNA via the linker histone H1. In mammals, histone H3 has three isoforms that share highly conserved amino acid sequences. Histone H3 isoforms are important for transcriptional regulation and telomere stabilization. H3.1 and H3.2 are replication-dependent and are synthesized and deposited on DNA during the S phase, whereas H3.3 synthesis and DNA deposition occur throughout the cell cycle ([@R20]--[@R22]). Regulatory posttranslational modifications of the N-terminal tail of histone H3 (including methylation, acetylation, and ubiquitylation of lysine residues; phosphorylation of serine or threonine residues; and methylation of arginine residues) have important effects on the processes of DNA replication, repair, and transcription ([@R23], [@R24]). The extent of methylation on histone H3 lysine residues (mono-, di-, or trimethylation) is an especially important determinant of DNA functional properties, with methylation of histone H3 lysine 27 (H3K27) being particularly influential in regulating the transcription of cancer-associated genes ([@R25]--[@R27]).

H3K27 methylation is determined by the activity of EZH2 methyltransferase, as the enzymatic subunit of polycomb repressive complex 2 (PRC2), combined with the demethylating activities of JMJD3/KDM6B and UTX/KDM6A ([Fig. 1](#F1){ref-type="fig"}). EZH2 has been the focus of substantial preclinical investigation as a therapeutic target in the treatment of various types of human cancer, since the discovery of elevated EZH2 expression, as contributing to aggressive tumor biology, metastasis, and poor clinical outcomes in breast, prostate, lung, bladder, ovarian, and skin cancer, as well as in hematological malignancies ([@R28]--[@R32]). Thus far, EZH2 has not been explored as a target for treatment of pediatric high-grade glioma. Despite the importance of EZH2, H3K27 methylation requires other PRC2 components including EZH1 (functional homolog of EZH2), histone core accessory proteins (EED, SUZ12, and RbAP48), and PRC2-associated factors JARID2 and ASXL1 ([Fig. 1](#F1){ref-type="fig"}) ([@R29], [@R32]). Of the enzymes that remove methyl groups from H3K27, somatic inactivating mutations and deletions of UTX have been reported in hematological malignancies and solid tumors ([@R33]--[@R35]), suggestive of a tumor suppressor role for UTX. Both JMJD3 and UTX function as part of a transcriptional activator complex that includes the MLL3/MLL4 H3K4 methyltransferases, indicating that these enzymes have a dual role involving removal of H3K27 methyl marks and addition of methyl groups to H3K4 ([Fig. 1](#F1){ref-type="fig"}) ([@R29], [@R36]).

![Histone modifications by PRC2 methyltransferase and KDM demethylase activities, and associations with transcriptionally active versus inactive states.\
Histone proteins are modified by the PRC2 methyltransferase and by KDM demethylase. PRC2 increases methylation of Lys^27^, which promotes a more compact and transcriptionally repressed chromatin state. In contrast, KDM demethylase complex removes methyl groups from Lys^27^ and increases methylation of Lys^4^ that, in combination, promote an open and transcriptionally active chromatin state.](1501354-F1){#F1}

Recent studies of pediatric high-grade gliomas have identified gain-of-function mutations in H3 histone genes, specifically histone 3A (*H3F3A*) and histone H3b (*HIST1H3B*), encoding histone H3 variants H3.3 and H3.1, respectively ([@R10]--[@R12], [@R37]--[@R39]). Histone H3.3 mutations occur at two distinct residues, either lysine at position 27 or glycine at position 34 ([@R40]), and result in replacement of lysine 27 by methionine (K27M) or replacement of glycine 34 by valine or arginine (G34V/R). The former occurs in approximately 80% of DIPGs ([@R11], [@R12]), and most of the K27M mutations involve *H3F3A*, with the remainder involving *HIST1H3B* ([@R1], [@R10], [@R12], [@R18], [@R40], [@R41]). In contrast, G34V/R mutations are exclusive to *H3F3A*.

Histone gene mutations are associated with both tumor location and patient age. K27M mutant tumors are predominantly seen in midline locations including the thalamus, pons, and spinal cord ([Fig. 2](#F2){ref-type="fig"}). In contrast, G34V/R mutations are restricted to tumors of the cerebral hemispheres ([@R1], [@R12], [@R17], [@R38], [@R42]) ([Fig. 2](#F2){ref-type="fig"}) and are not detected in midline high-grade gliomas. This location-specific pattern of histone mutation suggests a different cell of origin and/or developmental stage for supratentorial versus midline high-grade glioma. For example, gene expression signatures of K27 mutant tumors were found to be associated with mid- to late-fetal stages of striatal and thalamic development ([@R1], [@R38]), whereas G34V/R signatures are more typical of expression signatures in early- to mid-fetal stages of neocortex and striatal development ([@R38]).

![Neuroanatomic and gene associations with histone mutations.\
K27M mutations are predominantly found in the tumors occurring in midline locations (thalamus, pons, and medulla oblongata). G34V or G34R (G34V/R) mutations are found in cerebral cortical tumors. Other gene alterations associated with histone gene mutations also occur in location-specific patterns. For example, *TP53* mutations overlap with *H3F3A* mutations in cortical and thalamic tumors. *ATRX* and *DAXX* mutations are strongly associated with cortical G34V/R tumors and K27M mutant thalamic tumors, respectively. ACVR1 mutations are frequently present in histone H3.1 K27M mutant DIPG. OLIG1 and OLIG2 are highly expressed in K27M mutant tumors, whereas FOXG1 expression is predominantly found in G34V/R mutant tumors.](1501354-F2){#F2}

As suggested above, the pattern of histone mutation in pediatric glioma also appears to be affected by age. For instance, H3.1 K27M mutant tumors tend to occur in very young children; H3.1 K27M additionally has frequent companion mutations, such as that of *ACVR1* ([@R14], [@R17], [@R18], [@R43]). For tumors with mutant H3.3, K27M is more common in school-age children (median age, 11 years; range, 5 to 29), whereas G34V/R mutations are more prevalent in adolescents and young adults (median age, 20 years; range, 9 to 42) ([@R10], [@R11], [@R44]). Although primarily associated with pediatric DIPG and midline high-grade gliomas, K27M mutant thalamic tumors have also been reported in patients from 21 to 49 years old ([@R45]). Given these age- and location-specific distributions, patients with histone mutant glioma are encountered in both pediatric and adult neuro-oncology practices.

The detection of histone gene mutation has proven to be informative with respect to prognosis. As compared to patients with H3.1 mutant tumors, patients with H3.3 mutant tumors have a shorter survival, and among H3.3 mutant tumors, patients with the K27M mutation show significantly shorter overall survival than those with the G34V/R mutation (median of 12 months for K27M; median of 24 months for G34V/R) ([@R1], [@R10], [@R17], [@R18], [@R38], [@R42]). Although this association may be in part due to G34V/R tumor surgical accessibility, at least one study suggests that the prognosis for patients with K27M tumors is worse irrespective of location ([@R1]), thereby supporting the K27M tumors as an especially aggressive subtype of high-grade glioma.

The role of histone gene mutations in gliomagenesis
---------------------------------------------------

Because of its high frequency and poor prognosis, the histone H3K27M mutation has gained considerable attention regarding its role in tumor initiation, maintenance, and progression. At a molecular level, Lewis and others have identified a gain-of-function activity for this mutation by showing that H3K27M sequesters PRC2 histone methyltransferase and, in so doing, suppresses PRC2 function ([Fig. 3](#F3){ref-type="fig"}) ([@R37], [@R39], [@R46], [@R47]). K27M-associated suppression of PRC2, in turn, results in a marked reduction of wild-type H3K27 methylation, to an extent that far exceeds the proportion of K27M to wild-type H3 in DIPG. This effect is made remarkable by the existence of 16 distinct histone H3--encoding genes in the human genome, and of the 32 histone H3--encoding alleles in a diploid cell; only one histone H3--encoding allele, of the two *H3F3A* genes, is mutated. Yet, amazingly, H3K27M encoded by the single mutant allele can drastically suppress di- and trimethylation of wild-type H3K27 produced from the 31 wild-type--encoding H3 genes in a K27M tumor cell ([@R37], [@R39], [@R46]--[@R48]). This marked reduction in wild-type H3K27 methylation is thought to result in an extensive transcriptional reprogramming of the tumor cell ([@R39]).

![Model for global reduction of H3K27 methylation in K27M DIPG, and effect of GSKJ4 on K27 methylation status.\
Histone H3K27M mutant protein sequesters PRC2 histone methyltransferase and functionally inactivates it, leading to a global reduction of K27 methylation, thereby promoting an open chromatin structure that favors increased gene transcription. Pharmacological inhibition of JMJD3 H3K27 demethylase by GSKJ4 increases K27 methylation. In so doing, GSKJ4 suppresses gene expression and reduces tumor growth.](1501354-F3){#F3}

The effect of K27M on PRC2 function and wild-type K27 methylation is not random, however, as the mutation results in increased and decreased gene expression. Despite a massive decrease in total chromatin H3 dimethylation (K27me2) and trimethylation (K27me3), and the associated suppression of transcription that comes with decreased K27 methylation, select genes in DIPG are highly expressed. Thus, it would seem that K27M both represses and activates gene expression, which prompts the related question, "Which genes are activated and which genes are repressed?" Although the answer to this question remains an area of intensive investigation, some clues are beginning to emerge. For instance, Chan *et al*. showed that genes with increased H3K27me3 in H3K27M mutant tumors are associated with cancer development pathways ([@R39]). In a study of human embryonic stem cell--derived neural progenitor cells, the combination of K27M with *PDGFRA* overexpression and short hairpin RNA (shRNA)--mediated *p53* knockdown has been shown to promote transformation and confer tumorigenicity to cells implanted in the brainstem of immunocompromised mice ([@R49]). Together, these three genetic modifications produced very slow growing tumors that lack the typical histological features and proliferative capacity of high-grade glioma, which suggests that additional gene alterations may be required to accurately model for human DIPG ([@R49]). Nonetheless, these results suggest a specific oncogene, *PDGFRA*, and a specific tumor suppressor gene, *p53*, as key expression modification targets in K27M mutant tumors. Moreover, the results of this study showed that K27M expression was only tumor-promoting in neural progenitors derived from embryonic stem cells and not in undifferentiated embryonic stem cells or astrocytes, thereby supporting the cell context specificity of K27M-associated transformation.

In contrast to H3K27, H3G34 is not a known target of posttranslational modification. However, the G34R substitution has been shown to diminish K36 trimethylation in vitro ([@R37]) and K36 trimethylation that is known to be important to the regulation of gene expression and alternative splicing.

Gene alterations associated with histone gene mutations
-------------------------------------------------------

Additional gene alterations are common in pediatric high-grade gliomas with histone gene mutations, including those affecting *TP53*, *MYCN*, α-thalassemia/mental retardation syndrome X-linked (*ATRX*), death domain--associated protein (*DAXX*), and activin receptor type 1 (*ACVR1*) ([Fig. 2](#F2){ref-type="fig"}) ([@R18], [@R50], [@R51]). *TP53* mutations overlap significantly with *H3F3A* mutations (\~70% of K27M and nearly all with G34V/R mutation) ([@R11], [@R17], [@R18], [@R41], [@R42]). *MYCN* is up-regulated but not amplified in pediatric high-grade glioma with G34V/R, as compared to *H3F3A* wild-type tumors ([@R38]). Although *MYCN* has long been considered as an "undruggable" target, strategies have emerged to destabilize the MYCN protein and thereby inhibit its activity ([@R52]). The bromodomain inhibitor JQ1 has recently been shown to target *MYCN*-amplified tumors by blocking *MYCN*-dependent transcription ([@R53]), suggesting BET-bromodomain inhibitors as potential therapeutics for treating pediatric high-grade glioma with G34V/R mutation.

Mutations in the histone chaperones *ATRX* and *DAXX* affect the loading of histone H3.3 in heterochromatic regions of telomeres ([@R54]), and combined *H3F3A* mutations plus *ATRX* and/or *DAXX* mutation are strongly associated with telomerase-independent lengthening of telomeres ([@R11]). *ATRX* or DAXX mutations are reported in up to 50% of pediatric high-grade gliomas ([Fig. 2](#F2){ref-type="fig"}) ([@R55]). For K27M mutant brainstem tumors, ATRX and DAXX mutations are present but are more common in older children and adolescents ([@R10], [@R44]). G34V/R mutation, in supratentorial high-grade gliomas, nearly always occurs with *ATRX* or *DAXX* mutation and additionally overlaps with *TP53* mutation ([Fig. 2](#F2){ref-type="fig"}) ([@R11]).

Recurrent mutations in ACVR1 (also known as ALK2) occur frequently in histone H3.1 K27M mutant DIPG (80%) but are not observed in other midline or cortical malignant gliomas ([Fig. 2](#F2){ref-type="fig"}) ([@R15], [@R17], [@R18], [@R43]). These ACVR1 mutations have been shown to constitutively activate bone morphogenic protein (BMP)--dependent transforming growth factor--β (TGF-β) signaling, which results in SMAD transcription factor phosphorylation and elevated transcription of SMAD target genes.

The expression of oligodendrocyte lineage transcription factors 1 and 2 (OLIG1 and OLIG2), and the forebrain marker forkhead box G1 transcription factor (FOXG1), is also associated with histone mutations. H3.3 K27M tumors express high OLIG1 and OLIG2 and low FOXG1. In contrast, H3.3 G34V/R tumors express low OLIG1 and OLIG2 and high FOXG1 ([@R1]). Other gene alterations known to occur in pediatric high-grade gliomas include amplification of *PDGFRA*, *MET*, *IGF1*, *CDK4*, *CDK6*, and *CCND1*; mutation of *PIK3CA* and *PIK3R1*; and deletion of *CDKN2A* ([@R17], [@R41], [@R42], [@R56]). However, most of these alterations are not associated with histone gene mutations, and all are implicated in adult gliomas as well ([@R2]).

Epigenetic therapy for pediatric high-grade glioma
--------------------------------------------------

Epigenetic changes, either alone or in combination with gene mutations, drive tumor initiation and progression. Whereas targeting mutant and/or activated oncoproteins has been a popular cancer treatment concept for several years, therapeutic targeting of enzyme activities responsible for chromatin modifications and epigenetic regulation of gene expression is a relatively new strategy but has become of high interest in pediatric neuro-oncology ([@R10], [@R57]). For instance, there are two paths to increasing H3K27 methylation in K27M DIPG: either enhancing PRC2 methyltransferase activity or inhibiting K27 demethylase activity. Histone H3K27 is methylated by EZH2, a component of PRC2, and is demethylated by the KDM6 subfamily K27 demethylase JMJD3 and UTX ([@R26], [@R29]--[@R32], [@R58]--[@R60]). Support for one of these conceptual approaches has emerged, in association with a study whose results show antitumor activity from treating K27M DIPG with the JMJD3 K27 histone demethylase inhibitor GSKJ4, an investigational compound ([Fig. 3](#F3){ref-type="fig"}) ([@R61]). By using GSKJ4 to treat patient-derived K27M mutant DIPG tumor cells and xenografts, JMJD3 inhibition was shown to increase K27me2 and K27me3 ([@R57]). GSKJ4 treatment--associated increases in K27me2 and K27me3 were, in turn, associated with a marked dose- and time-dependent inhibition of K27M mutant DIPG cell growth. In contrast, GSKJ4 had little effect against pediatric glioma cells with wild-type or G34V mutant *H3F3A* that lack K27M suppression of K27me2 and K27me3. In addition to the observed antiproliferative activity, GSKJ4 increased apoptosis of K27M mutant cells while having no apparent effect on apoptosis for tumor cells expressing wild type or G34V. Pharmacologic inhibition of JMJD3 in DIPG orthotopic xenografts reduced tumor growth and significantly extended animal survival, and analysis of treated tumors revealed decreased proliferation and increased apoptosis, relative to untreated control tumors. These results suggest that GSKJ4 antitumor activity is specific to K27M mutant tumors, both in vitro and in vivo, and this antitumor activity occurs in association with increasing K27me2 and K27me3 in tumor cells ([Fig. 3](#F3){ref-type="fig"}) ([@R57]). Results from high-performance liquid chromatography revealed good penetration of GSKJ4 into the brain, including to the site of brainstem tumor development, following systemic administration of inhibitor, and further support the development of GSKJ4 or other histone demethylase inhibitors as potentially effective targeted therapy for DIPG patients.

It is significant that results from an additional study, involving T cell acute lymphoblastic leukemia (T-ALL), a hematological malignancy in which H3K27 methylation is reduced by loss-of-function EZH2 mutation, have also shown antitumor activity through use of the JMJD3 inhibitor GSKJ4 and, as observed for K27M DIPG, with an accompanying increase in K27M methylation ([@R62]). For both T-ALL and DIPG, inhibition of UTX, the other known H3K27 demethylase, did not impair proliferation. Additionally in T-ALL, the genes suppressed by GSKJ4 treatment overlapped significantly with genes upregulated by UTX knockdown. Collectively, the results from these studies suggest distinct chromatin-modifying roles for UTX and JMJD3 and additionally support JMJD3 as an emerging therapeutic epigenetic target for cancer treatment.

Whereas decreased EZH2 methyltransferase activity may be important to T-ALL and DIPG development, other cancers, including medulloblastoma, ependymoma, atypical teratoid/rhabdoid tumor, and lymphoma, are known to have increased EZH2 activity ([@R6]3--[@R66]). This paradox of EZH2 function having either pro- or antitumor activity, may indicate that the effects of K27 methylation changes are cell context--dependent. It may also reflect our insufficient understanding of the relationships between histone modifications and cancer for establishing an integrated framework that provides logical and consistent explanation for all histone modification--cancer associations. The development of such a framework will likely require a detailed understanding of all histone modifications, rather than attempting explanations for tumor development based on the analysis of single modifications. For instance, H3K27 is also modified by acetylation, which is mutually exclusive of K27 methylation. Consistent with this, increased K27 acetylation has been shown to occur in concert with decreased K27me3 in K27M mutant glioma cells ([@R37]). Moreover, a recent study, using a *Drosophila melanogaster* model, showed that constitutive expression of H3K27M elevated H3K27 acetylation in conjunction with increased bromodomain-containing protein 1 (BRD1) and BRD4 localization to K27M mononucleosomes ([@R67]). These *Drosophila* K27M mutant models were shown to resemble *Drosophila* PRC2 loss-of-function phenotypes in which there is reduced H3K27 methylation and derepression of PRC2 target genes. The increased level of H3K27 acetylation in K27M cells suggests that K27 acetylation may also be responsible for glioma formation. Thus, neither K27 methylation nor acetylation can be studied in isolation, and the enzymatic activities responsible for all types of K27 modification need to be taken into account when investigating relationships between K27 modifications and tumor development.

The elevated level of H3K27 acetylation in DIPG suggests a potential patient benefit from being treated with histone deacetylase (HDAC) inhibitors. A substantial amount of preclinical data have been generated by multiple groups that indicate benefit from the use of a pan-HDAC inhibitor, vorinostat, to treat high-grade gliomas and other pediatric CNS tumors ([@R6]8--[@R70]). Recently, a chemical screening applied to DIPG cell cultures identified panobinostat, a U.S. Food and Drug Administration--approved and potent HDAC inhibitor, as demonstrating the most antitumor activity against DIPG in vitro, an order of magnitude greater than vorinostat ([@R71]). Increased H3 acetylation and H3K27 trimethylation by the treatment of panobinostat suggest that polyacetylation of the H3 N-terminal tail can "detoxify" K27M-induced inhibition of PRC2 ([@R72]), and subsequently normalize the K27M gene expression signature and decrease the oncogenetic *MYC* target gene expression signature ([@R71]). A phase 1 clinical trial of panobinostat for progressive DIPG and high-grade glioma is currently in development (Pediatric Brain Tumor Consortium PBTC-047). A combination of panobinostat with GSKJ4 has shown a synergistic effect against DIPG cells ([@R71]), which supports a need for additional study of antitumor activities resulting from the simultaneous inhibition of multiple histone modifiers.

Histone gene mutation and future clinical trials
------------------------------------------------

Clinical trials for children with brain cancer are beginning to incorporate new information involving pediatric glioma epigenetics into their study design. In the near future, it appears imminent that pediatric glioma patients will be stratified for treatment based on the presence or absence of a specific histone mutation and/or specific histone modifications. This stratification, in turn, will be facilitated by routine biopsy of tumor. Two ongoing clinical trials that include biopsy for patients with DIPG are expected to confirm the safety and feasibility of biopsy.

As is the case for most brain tumor clinical trials, single-agent epigenetic therapies are not anticipated to result in durable tumor response, but information from single-agent trials is nonetheless important for designing subsequent, second-generation trials involving combination approaches with additional epigenetic agents, and/or conventional cytotoxic chemotherapy. Clinical trial designs are also expected to include the use of approaches for monitoring tumor response to treatment, which requires the identification and validation of noninvasive biomarkers indicative of residual tumor status (for example, detection of cell-free tumor DNA), and for evaluating molecular effects of therapy through analysis of biopsy tissue obtained during and/or after treatment.

SUMMARY
=======

In the past 3 years, our knowledge of pediatric high-grade glioma genetics and epigenetics has significantly improved. Highlighted in association with this improved understanding is the identification of histone mutations in several glioma subtypes, especially DIPG. Efforts to understand the function of these mutations and their complex interactions with other known oncogenes are under way. Further, elegant preclinical models have been developed and are being used to study novel epigenetic therapies. Clinical trials have begun to explore histone modifier inhibitors for antitumor activity, and for interactions with conventional genotoxic therapies, in an effort to improve outcomes for children affected by these devastating malignancies.
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